Inflammatory responses are the driving force of atherosclerosis development ([@bib37]; [@bib43]). Many inflammatory pathways that contribute to the development of insulin resistance and atherosclerosis are regulated by the transcription factor NF-κB, a master regulator of the innate and adaptive immune responses ([@bib73]; [@bib25]; [@bib2]). The NF-κB family consists of five members: p65 (RelA), RelB, c-Rel, p100/p52, and p105/p50. NF-κB normally remains in the cytoplasm bound to inhibitor of κB (IκB) proteins. Activating signals, such as proinflammatory cytokines, reactive oxygen species, and viral products lead to activation of IκB kinase (IKK) that phosphorylates IκB and promotes their degradation, allowing NF-κB to translocate to the nucleus and promote transcription of target genes ([@bib25]; [@bib47]; [@bib73]). The IKK complex consists of two kinase subunits, IKKα and IKKβ, and a regulatory subunit NF-κB essential modulator (NEMO, or IKKγ; [@bib31]; [@bib25]). IKKβ is the predominant catalytic subunit of the IKK complex that is required for canonical activation of NF-κB by inflammatory mediators ([@bib31]; [@bib54]).

IKKβ-mediated NF-κB activation has been implicated in pathogenesis of atherosclerosis ([@bib2]; [@bib43]). Activated NF-κB has been identified in human atherosclerotic plaques and was enhanced in unstable coronary plaques ([@bib5]; [@bib42]). NF-κB activation in human atherosclerosis was IKKβ-dependent and resulted in selective up-regulation of major proinflammatory and prothrombotic mediators ([@bib42]). The negative regulator of NF-κB, A20 affects atherosclerosis development in apolipoprotein E-deficient (ApoE^−/−^) mice ([@bib65]). Atherosclerosis was increased in A20 haploinsufficient and decreased in A20 overexpressing ApoE^−/−^ mice ([@bib65]). Interestingly, bone marrow transplantation of macrophages lacking IKKβ increased atherosclerosis in low density lipoprotein (LDL) receptor-deficient (LDLR^−/−^) mice ([@bib30]). However, macrophage-specific inhibition of NF-κB by overexpressing trans-dominant, nondegradable forms of IκBα decreased foam-cell formation ([@bib17]), and myeloid-specific IκBα deletion promoted atherogenesis in LDLR^−/−^ mice ([@bib20]). We have recently demonstrated that myeloid-specific IKKβ deficiency decreases diet-induced atherosclerosis in LDLR^−/−^ mice ([@bib47]). Although deletion of IKKβ in endothelial cells (ECs) resulted in liver degeneration and embryonic lethality ([@bib28]), inhibiting NF-κB activity in ECs by deletion of NEMO or expression of dominant-negative IκBα decreased vascular inflammation and atherosclerosis in ApoE^−/−^ mice ([@bib18]). These findings demonstrate that functions of IKKβ--NF-κB in atherosclerosis are complex and further studies are needed to define the cell/tissue-specific role of IKKβ in atherosclerosis.

Smooth muscle cells (SMCs) are a major component of the vascular system and are essential for normal cardiovascular function, yet the role of IKKβ-mediated NF-κB activation by SMCs in atherosclerosis remains elusive. Here, we report that deficiency of IKKβ in SMCs protected LDLR^−/−^ mice from diet-induced vascular inflammation and atherosclerosis. Unexpectedly, SMC IKKβ-deficient mice were also resistant to diet-induced obesity and associated metabolic disorders. We found that deficiency of IKKβ inhibited the differentiation of adipose stromal vascular (SV) cells or 3T3-L1 preadipocytes into adipocytes. Furthermore, reduction of IKKβ expression or pharmacological inhibition of IKKβ blocked proteasome-mediated β-catenin ubiquitination and degradation in murine preadipocytes, resulting in elevated β-catenin levels and impaired adipocyte differentiation. Lastly, chronic treatment of mice with a potent IKKβ inhibitor decreases adipogenesis and ameliorated diet-induced obesity. These results demonstrate a pivotal role of IKKβ in linking vascular inflammation with adipose development and atherosclerosis.

RESULTS
=======

Generation of LDLR^−/−^ mice with SMC-specific IKKβ deficiency
--------------------------------------------------------------

To investigate the role of IKKβ in SMC function and vascular inflammation, we bred mice carrying loxP-flanked IKKβ alleles (IKKβ^F/F^; [@bib36]) with SM22Cre transgenic mice, a widely used model for in vivo analysis of gene function in SMCs ([@bib27]), to generate SMC-specific IKKβ knockout mice (termed SM22Cre^+^IKKβ^F/F^). To increase susceptibility to atherosclerotic lesion development, SM22Cre^+^IKKβ^F/F^ mice were crossed with atherosclerosis-prone LDLR^−/−^ mice to generate SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice. Western blot analysis confirmed the specific and efficient IKKβ deletion in SMC-abundant aorta but not in other SMC-less abundant tissues of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 1 A](#fig1){ref-type="fig"}). To determine whether deficiency of IKKβ inhibits NF-κB activity in SMCs, vascular SMCs were isolated from aortas of IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice and treated with NF-κB stimuli TNF. TNF-induced NF-κB subunit p65 translocation from cytoplasm to nucleus was blocked by deficiency of IKKβ ([Fig. 1 B](#fig1){ref-type="fig"}). Electrophoretic mobility shift assay also demonstrated that TNF increased the DNA binding activity of NF-κB in SMCs of IKKβ^F/F^LDLR^−/−^ mice but not in IKKβ-deficient SMCs ([Fig. 1 C](#fig1){ref-type="fig"}). To further determine the role of IKKβ in the regulation of SMC inflammation, vascular SMCs were also treated with endotoxin LPS. Gene expression analyses showed that the ability of LPS to induce expression of mRNAs encoding monocyte chemotactic protein-1 (MCP-1), IL-1α, IL-1β, IL-6, and vascular cell adhesion molecule-1 (VCAM-1) was abrogated in SMCs of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 1 D](#fig1){ref-type="fig"}). These results suggest that ablation of IKKβ attenuates NF-κB activity and reduces NF-κB-regulated proinflammatory gene expression in SMCs.

![**Generation of LDLR^−/−^ mice with SMC-specific IKKβ deficiency.** (A) Western blot analysis of IKKβ and IKKα expression in aorta, liver, skeletal muscle (s. muscle), and intestine of IKKβ^F/F^LDLR^−/−^ (F/F) and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ (KO) mice. (B) SMCs isolated from aortas of IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice were stimulated with TNF (20 ng/ml) or vehicle for 30 min. Cells stained with anti-p65 primary antibodies, followed by fluorescein-labeled secondary antibodies (green). The nuclei were visualized with DAPI (blue). Bars, 20 µm. (C) SMCs were stimulated with TNF (20 ng/ml) or vehicle for 30 min. Nuclear proteins were extracted and NF-κB binding activity was determined by electrophoretic mobility shift assay. (D) SMCs were treated with LPS (5 µg/ml) or vehicle control for 3 h. Expression of proinflammatory cytokines was analyzed by QPCR (*n* = 5). Similar results were obtained from at least three independent experiments. All data are means ± SD. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20131281R_Fig1){#fig1}

Deficiency of SMC IKKβ inhibits diet-induced vascular inflammation and atherosclerosis development in LDLR^−/−^ mice
--------------------------------------------------------------------------------------------------------------------

To determine the role of SMC IKKβ in atherosclerosis development, 4-wk-old male SM22Cre^+^IKKβ^F/F^LDLR^−/−^ and IKKβ^F/F^LDLR^−/−^ littermates were fed a standard chow diet or high-fat (HF) Western diet (WD, 21% fat and 0.2% cholesterol) for 12 wk. Whereas no lesions were seen in chow-fed mice (unpublished data), SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice developed substantially smaller atherosclerotic lesions in the aorta compared with IKKβ^F/F^LDLR^−/−^ mice when fed a WD ([Fig. 2 A](#fig2){ref-type="fig"}). In addition to aorta, deficiency of IKKβ also inhibited atherosclerosis development in the brachiocephalic artery (BCA), an artery prone to developing advanced lesions ([Fig. 2 B](#fig2){ref-type="fig"}). Quantification of cross section lesion areas at the aortic root and BCA revealed that SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had 54% decreased lesions at the aortic root ([Fig. 2 C](#fig2){ref-type="fig"}) and 48% decreased lesions at the BCA ([Fig. 2 D](#fig2){ref-type="fig"}) compared with that of IKKβ^F/F^LDLR^−/−^ mice. Thus, deficiency of IKKβ significantly decreased diet-induced atherosclerosis in LDLR^−/−^ mice.

![**Deficiency of SMC IKKβ inhibits diet-induced vascular inflammation and atherosclerosis development in LDLR^−/−^ mice.** (A and B) Representative hematoxylin and eosin sections in aorta (A) and BCA (B) of 16-wk-old male IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice fed a WD for 12 wk. Bottom panels in A represent the magnification of the boxed areas in aorta shown in top panels. (C and D) Quantitative analysis of the lesion area in the aortic root (C) and BCA (D) of WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice (*n* = 11--23 mice). Representative oil red O--stained sections were displayed below the quantification data. (E) Expression of proinflammatory cytokines in aortas of mice fed chow or WD for 12 wk was analyzed by QPCR (*n* = 5 mice). (F) Sections of aortic root atherosclerotic lesions were stained with antibodies against mouse TNF, MCP-1, or IL-1β, followed by fluorescein-labeled secondary antibodies (red). The nuclei were stained with DAPI (blue). A representative figure from three mice per group and the similar result is shown. All data are means ± SD. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Bars: (A, top) 500 µm; (A, bottom) 50 µm; (B) 200 µm; (C) 500 µm; (D) 100 µm; (F) 100 µm.](JEM_20131281_Fig2){#fig2}

We next sought to determine whether NF-κB activation in the vasculature is associated with atherosclerosis development. NF-κB--regulated proinflammatory genes were analyzed in aortas of IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice. WD feeding significantly increased the expression levels of proinflammatory genes, including MCP-1, IL-1β, cyclooxygenase-2 (COX-2), and VCAM-1, in aortas of IKKβ^F/F^LDLR^−/−^ mice ([Fig. 2 E](#fig2){ref-type="fig"}). Further, the expression levels of several key inflammatory cytokines, including IL-1β, TNF, and MCP-1, were decreased in the atherosclerotic lesions and arterial walls of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 2 F](#fig2){ref-type="fig"}). Collectively, SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice were protected from HF feeding-induced vascular inflammation and atherosclerosis.

IKKβ-deficient mice are resistant to diet-induced obesity
---------------------------------------------------------

To our surprise, we found that SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice were resistant to diet-induced obesity. No significant differences in body weight were observed in chow-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 3 A](#fig3){ref-type="fig"}). Whereas body weight was significantly increased after WD feeding in IKKβ^F/F^LDLR^−/−^ mice, SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice resisted WD-induced body weight gain ([Fig. 3 A](#fig3){ref-type="fig"}). Lean mass was not affected by IKKβ deficiency or WD feeding ([Fig. 3 B](#fig3){ref-type="fig"}), but deficiency of IKKβ significantly reduced diet-induced fat mass or percent body fat increases ([Fig. 3, C and D](#fig3){ref-type="fig"}).

![**IKKβ-deficient mice are resistant to diet-induced obesity.** (A--D) Body weight (A), lean mass (B), fat mass (C), and fat percentage (D) of 16-wk-old male IKKβ^F/F^LDLR^−/−^ (F/F) and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ (KO) mice fed a normal chow diet (Chow) or WD for 12 wk (*n* = 15--20 mice). (E--G) Food intake (E), oxygen consumption (F), and mean oxygen consumption (G) were monitored in WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice (*n* = 5 mice). Oxygen consumption data were normalized by lean body mass and mean from 4-d measurements. (H) WAT (epididymal, subcutaneous, perirenal, and omental WAT) and BAT weight measured in WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice (*n* = 7--8 mice). (I and J) The expression of indicated genes in BAT (I) and WAT (J) was analyzed by QPCR (*n* = 4--8 mice). (K) Plasma cytokine levels in chow or WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice (*n* = 5--7 mice). Results are representative of three independent experiments. All data are means ± SD. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20131281_Fig3){#fig3}

Activation of NF-κB in multiple tissues including liver, adipose tissue, and brain has been implicated in diet-induced obesity and metabolic disorders ([@bib68]; [@bib1]; [@bib7]; [@bib70]; [@bib13]). We found that the food intake was not affected by IKKβ deficiency ([Fig. 3 E](#fig3){ref-type="fig"}), but oxygen consumption was significantly elevated in SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice relative to IKKβ^F/F^LDLR^−/−^ littermates ([Fig. 3, F and G](#fig3){ref-type="fig"}), which is indicative of increased energy expenditure. However, deficiency of IKKβ did not affect brown adipose tissue (BAT) weight or the expression levels of BAT genes involved in thermogenesis ([Fig. 3, H and I](#fig3){ref-type="fig"}). It has been previously reported that HF feeding increases uncoupling protein-1 (UCP-1) expression in white adipose tissue (WAT) and activation of NF-κB decreases UCP-1 expression in WAT, leading to decreased thermogenesis and energy expenditure ([@bib13]). Indeed, we found that the expression levels of UCP-1 were significantly higher in the WAT of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice as compared with IKKβ^F/F^LDLR^−/−^ littermates ([Fig. 3 J](#fig3){ref-type="fig"}), which may contribute to the increased energy expenditure in IKKβ-deficient mice.

Obesity is associated with chronic inflammation that plays a crucial role in energy imbalance and metabolic disorders ([@bib21]). We next measured plasma cytokine levels to determine whether SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had decreased systemic inflammation. WD feeding increased plasma levels of proinflammatory cytokines including TNF, IL-1β, and IFN-γ in IKKβ^F/F^LDLR^−/−^ mice, and these levels were significantly reduced in SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 3 K](#fig3){ref-type="fig"}). Collectively, deficiency of IKKβ protected mice from diet induced obesity and energy imbalance.

IKKβ-deficient mice are protected against obesity-associated metabolic disorders
--------------------------------------------------------------------------------

Obesity is frequently accompanied by metabolic disorders, including glucose intolerance, hyperlipidemia, and hepatic steatosis. We next examined whether SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice are protected from these disorders. Compared with IKKβ^F/F^LDLR^−/−^ mice, SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had significantly lower fasting blood glucose and insulin concentrations ([Fig. 4 A](#fig4){ref-type="fig"}) and better glucose tolerance after WD feeding ([Fig. 4, B and C](#fig4){ref-type="fig"}). Obesity-associated macrophage infiltration contributes to the development of systemic insulin resistance ([@bib45]). Although it was readily observed in IKKβ^F/F^LDLR^−/−^ mice, macrophage infiltration was substantially decreased in WAT of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 4 D](#fig4){ref-type="fig"}), indicating that deficiency of SMC IKKβ blocks the increased inflammatory infiltrates in WAT under obese conditions.

![**Deficiency of IKKβ protects mice from obesity-associated metabolic disorders**. (A--C) Fasting plasma glucose and insulin levels (*n* = 10--15 mice; A), GTT (B), and the area under the curve (AUC) of GTT (C) in 16-wk-old male IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice fed a WD for 12 wk (*n* = 10--15 mice). (D) Macrophage infiltration in WAT determined by F4/80 staining. (E and F) Representative appearance (E) and hematoxylin and eosin (top) and oil red O--stained (bottom) sections (F) of livers. (G--I) Hepatic cholesterol and triglyceride levels (G), plasma cholesterol and triglyceride levels (H), and plasma cholesterol distribution (I) of WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice (*n* = 6--10 mice). (J) Hepatic gene expression was analyzed by QPCR (*n* = 4--8 mice). Results are representative of three independent experiments. All data are means ± SD. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Bars: (D) 100 µm; (F) 50 µm (top) and 200 µm (bottom).](JEM_20131281_Fig4){#fig4}

Chronic exposure of IKKβ^F/F^LDLR^−/−^ mice to WD also caused liver enlargement, lipid accumulation, and hepatic steatosis, but SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice were protected from these detrimental effects ([Fig. 4, E and F](#fig4){ref-type="fig"}). Consistently, hepatic triglyceride and cholesterol contents were significantly reduced in SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 4 G](#fig4){ref-type="fig"}). We also found that WD-induced severe hyperlipidemia was ameliorated in SM22Cre^+^IKKβ^F/F^LDLR^−/−^ ([Fig. 4 H](#fig4){ref-type="fig"}). Fast-performance liquid chromatography (FPLC) analysis of cholesterol distribution patterns showed that SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had reduced plasma VLDL and LDL cholesterol levels ([Fig. 4 I](#fig4){ref-type="fig"}). We next examined the mRNA levels of hepatic lipogenic genes and found that the expression levels of several key lipogenic genes, including SREBP1c, SCD-1, and PPARγ were significantly decreased in the liver of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 4 J](#fig4){ref-type="fig"}). Collectively, these results suggest that deficiency of IKKβ protected mice from diet-induced obesity and associated metabolic disorders.

Deficiency of IKKβ decreases atherosclerosis in LDLR^−/−^ mice in the absence of HF diet--induced obesity and severe hyperlipidemia
-----------------------------------------------------------------------------------------------------------------------------------

Because WD-fed SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had ameliorated obesity and hyperlipidemia compared with IKKβ^F/F^LDLR^−/−^ mice, it is possible that decreased atherosclerosis in these mice was only the secondary effect of improved obesity or plasma lipid levels. To address this issue, we fed SM22Cre^+^IKKβ^F/F^LDLR^−/−^ and IKKβ^F/F^LDLR^−/−^ littermates a modified semisynthetic low-fat (4.3%) and low-cholesterol (0.02%) AIN76 diet to avoid the additional stresses of obesity and insulin resistance presented in WD-fed model ([@bib60]). The modified AIN76 diet has been successfully used to induce inflammation and atherosclerosis in LDLR^−/−^ or ApoE^−/−^ mice without causing additional obesity and associated metabolic disorders in many studies ([@bib60]; [@bib65]; [@bib56]; [@bib74]). Indeed, AIN76 diet-fed SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had similar body weight, body composition, and plasma lipid levels compared with IKKβ^F/F^LDLR^−/−^ littermates ([Fig. 5, A--F](#fig5){ref-type="fig"}). Nevertheless, SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice still had significantly decreased atherosclerotic lesion sizes in the aortic root and BCA compare with control littermates ([Fig. 5, G and H](#fig5){ref-type="fig"}). Immunofluorescence staining showed that the expression of MCP-1, TNF, and IL-1β was also decreased in the atherosclerotic lesions of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 5 I](#fig5){ref-type="fig"}). In addition, the plasma levels of proinflammatory cytokines such as TNF and MCP-1 were also reduced in SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 5 J](#fig5){ref-type="fig"}). These results confirm that deficiency of SMC IKKβ inhibits atherosclerotic lesional formation and reduces inflammation in the absence of HF diet--induced obesity or severe hyperlipidemia.

![**Deficiency of IKKβ reduces atherosclerosis in LDLR^−/−^ mice in the absence of obesity and severe hyperlipidemia.** (A--F) Body weight (A), lean mass (B), fat mass (C), plasma cholesterol levels (D), triglyceride (E), and cholesterol distribution (F) of 16-wk-old male IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice fed a low-fat AIN76 diet for 12 wk (*n* = 6--10 mice). (G and H) Quantitative analysis of the lesion area in the aortic root (G) and BCA (H). *n* = 8--14 mice. (I) Sections of aortic root atherosclerotic lesions were stained with antibodies against mouse TNF, MCP-1, or IL-1β, followed by fluorescein-labeled secondary antibodies (red). The nuclei were stained with DAPI (blue). A representative figure from three mice per group and the similar result is shown. (J) Plasma cytokine levels of AIN76 diet-fed mice (*n* = 6 mice). Results are representative of three independent experiments. All data are mean ± SD. \*, P \< 0.05; \*\*\*, P \< 0.001. Bars, 100 µm.](JEM_20131281_Fig5){#fig5}

SM22Cre is active in adipose SV cells and causes reduced IKKβ expression in SV cells
------------------------------------------------------------------------------------

It is intriguing that deficiency of IKKβ inhibits HF feeding--induced obesity. Adipocyte number can be a major determinant of fat mass in adults ([@bib50]; [@bib55]). Interestingly, we found that WD-fed SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had significantly decreased adipocyte numbers in WAT ([Fig. 6 A](#fig6){ref-type="fig"}), indicating that deficiency of IKKβ might affect adipocyte differentiation. A subset of mural cells (SMCs and SMC-like pericytes) that reside in the adipose vasculature have been identified as adipocyte progenitors ([@bib50]; [@bib58]). Adipocyte progenitors can be isolated from the SV fraction of adipose tissue, a heterogeneous mixture of cells defined by enzymatic dissociation of adipose depots by density separation ([@bib58]; [@bib69]). To determine whether SM22Cre is active in adipose SV cells, SM22Cre mice were crossed with Rosa26^EGFP^ reporter mice ([@bib38]) that express enhanced GFP (EGFP) in target tissues upon Cre-mediated excision of a "Stop" sequence to generate SM22Cre^+^Rosa26^EGFP^ mice ([Fig. 6 B](#fig6){ref-type="fig"}). SV cells were plated in culture to eliminate nonadherent blood cells, and then allowed to proliferate for 4 d to enrich fibroblastic cells ([@bib23]). We then used flow cytometry to analyze GFP^+^ SV cells isolated from WAT of SM22Cre^+^Rosa26^EGFP^ and Rosa26^EGFP^ littermates. Whereas almost no GFP^+^ SV cells from Rosa26^EGFP^ control mice were detected by flow cytometry, \>30% of cells in the SV culture of SM22Cre^+^Rosa26^EGFP^ mice were GFP^+^ cells ([Fig. 6 C](#fig6){ref-type="fig"}).

![**SM22Cre-mediated IKKβ ablation blocks white adipose differentiation.** (A) Hematoxylin and eosin staining of transverse sections of subcutaneous WAT from WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice. The adipocyte numbers were calculated based on per mm epidermal length (*n* = 5 mice). (B) Schematic of the SM22Cre^+^Rosa26^EGFP^ mouse model. (C) Quantitation of GFP^+^ cells in cultures of adipose SV cells isolated from Rosa26^EGFP^ and SM22Cre^+^Rosa26^EGFP^ mice by flow cytometry. The percentage of GFP^+^ cells are as indicated in the flow profiles. (D) PCR analysis of genomic DNA from adipose SV cells of IKKβ^F/F^LDLR^−/−^ (F/F) and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ (KO) mice (top). Expression levels of IKKβ, inflammatory genes, and leptin in adipose SV cells were analyzed by QPCR (*n* = 3 mice) (bottom). (E) Oil red O staining of adipose SV cells of IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice induced by differentiation medium. The nuclei were stained with hematoxylin (blue) in the bottom panel. (F) SV cells and mature adipocytes were isolated from WAT of WD-fed IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice. The cell population was displayed as cell number per gram of WAT (*n* = 5 mice). (G) Expression of adipogenic genes and adipocyte precursor cell markers in adipose SV cells was measured by QPCR (*n* = 5--7 mice). (H) Sections of subcutaneous WAT were stained with antibodies against adipocyte progenitor markers PDGFRβ and preadipocyte marker Pref-1, followed by Alexa Fluor 488 (green)-- or Alexa Fluor 594 (red)--labeled secondary antibodies. A representative figure from three mice per group and the similar result is shown. (I) Adipose SV cells were examined for expression of adipocyte progenitor cell makers, PDGFRβ, and NG2, and endothelial cell marker CD31 with flow cytometry. CD31^+^, NG2^+^, and CD31^−^NG2^−^ cells are highlighted with red, green, and black, respectively. The percentages of CD31^−^PDGFRβ^+^NG2^+^ cells are as indicated in the flow profiles (P \< 0.001, *n* = 3--4 mice). Similar results were obtained from at least three independent experiments. All data are means ± SD. \*, P \< 0.05; \*\*, P \< 0.01. Bars: (A) 200 µm; (E, bottom) 50 µm; (H) 100 µm.](JEM_20131281_Fig6){#fig6}

Consistent with cell lineage results, PCR analysis showed that Cre is present in SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ but not in IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 D](#fig6){ref-type="fig"}). Accordingly, the mRNA levels of IKKβ and NF-κB--mediated inflammatory genes, including MCP-1, IL-1α, and IL-6, were significantly reduced in SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 D](#fig6){ref-type="fig"}). However, the leptin levels were not affected by IKKβ deficiency in SV cells, which might be due to the low expression levels of leptin in preadipocytes ([@bib39]). These results suggest that SM22Cre is active in adipose SV cells, resulting in decreased IKKβ and NF-κB target gene expression in these cells.

Ablation of IKKβ inhibits adipocyte differentiation and promotes accumulation of adipocyte precursor cells in WAT
-----------------------------------------------------------------------------------------------------------------

We next tested the adipogenic potential of SV cells from IKKβ^F/F^LDLR^−/−^ and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice to determine the effects of deficiency of IKKβ on adipocyte differentiation. Adipose SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice differentiated poorly compared with that of IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 E](#fig6){ref-type="fig"}). Consistently, WAT of WD-fed SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had significantly increased SV cell numbers and decreased mature adipocyte numbers as compared with IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 F](#fig6){ref-type="fig"}). The expression levels of key regulators of adipogenesis, including PPARγ, C/EBPα, C/EBPβ, and Zfp423 were significantly decreased in SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 G](#fig6){ref-type="fig"}). In contrast, the expression levels of adipocyte progenitor markers including platelet-derived growth factor receptor β (PDGFRβ), NG2, and α smooth muscle actin (αSMA; [@bib59]; [@bib58]), as well as the preadipocyte marker, Pref-1, were significantly increased in the SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 G](#fig6){ref-type="fig"}), indicating accumulation of adipocyte precursor cells in WAT. Indeed, immunofluorescence staining showed that SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice held abundant PDGFRβ^+^ or Pref-1^+^ cells in WAT compared with IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 H](#fig6){ref-type="fig"}). SV cells were further analyzed for PDGFRβ, NG2, and EC marker CD31 expression by flow cytometry ([Fig. S1](http://www.jem.org/cgi/content/full/jem.20131281/DC1){#supp1}). Consistent with gene expression and immunostaining results, deficiency of IKKβ significantly increased the CD31^−^PDGFRβ^+^NG2^+^ SV cell population in WAT of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 6 I](#fig6){ref-type="fig"}). Collectively, these results suggest that ablation of IKKβ inhibits adipocyte differentiation and white adipose development, leading to accumulation of adipocyte precursor cells in WAT.

Deficiency of IKKβ inhibits β-catenin ubiquitination and degradation in murine preadipocytes
--------------------------------------------------------------------------------------------

To further characterize the novel role of IKKβ in adipogenesis, we investigated whether IKKβ can also regulate the differentiation of 3T3-L1 cells, a well-established cell culture system to study adipocyte differentiation ([@bib10]; [@bib57]). Interestingly, 3T3-L1 cells also expressed multiple SMC or mural cell markers, including SM22, αSMA, and PDGFRβ ([Fig. 7 A](#fig7){ref-type="fig"}). Whereas differentiation medium rapidly increased the expression levels of adipocyte markers including aP2 and adiponectin in 3T3-L1 cells, the expression levels of the preadipocyte marker Pref-1 and mural cell markers were reduced or diminished after 48 h ([Fig. 7 A](#fig7){ref-type="fig"}), indicating a fast cell fate transition. Next, we used lentiviral vectors harboring short hairpin RNAs (shRNAs) directed against IKKβ to establish stable IKKβ-deficient 3T3-L1 clones ([Fig. 7 B](#fig7){ref-type="fig"}). Consistent with SV cell results ([Fig. 6 E](#fig6){ref-type="fig"}), reduction of IKKβ expression also inhibited 3T3-L1 cell differentiation ([Fig. 7 C](#fig7){ref-type="fig"}).

![**IKKβ regulates β-catenin ubiquitination and adipocyte differentiation.** (A) Expression levels of preadipocyte, mural cell, and mature adipocyte markers in 3T3-L1 cells at 0 and 48 h after addition of differentiation media (*n* = 3). (B) Western blot analysis of IKKβ and IKKα levels in 3T3-L1 preadipocytes expressing control shRNA or shRNA against IKKβ (shIKKβ). (C) Oil red O staining of control or shIKKβ 3T3-L1 cells induced by differentiation medium. (D) Western blot analysis of nuclear β-catenin protein levels of control or shIKKβ 3T3-L1 cells. Nuclear proteins were also probed with anti-Histone H3 antibodies as an internal control. (E) QPCR analysis of expression of IKKβ and adipogenic genes in control or shIKKβ 3T3-L1 cells (*n* = 3--5). (F) Control or shIKKβ 3T3-L1 cells were treated with vehicle control or 100 nM PS-341 as indicated for 4 h. β-catenin was immunoprecipitated with anti--β-catenin antibodies, and then probed with antiubiquitin monoclonal antibodies. The whole cell lysates were probed with anti--β-catenin antibodies as an internal control. (G) QPCR analysis of Smurf2 expression in control or shIKKβ 3T3-L1 cells (*n* = 4). (H) Western blot analysis of Smurf2 protein levels in control or shIKKβ 3T3-L1 cells. (I) Oil red O staining of 3T3-L1 cells transfected with control vector or vector expressing IκBαM induced by differentiation medium. (J) Western blot analysis of Smurf2 protein levels in 3T3-L1 cells expressing control or IκBαM vectors. (K) Control or IκBαM-expressing 3T3-L1 cells were treated with vehicle control or 100 nM PS-341 as indicated for 4 h. β-catenin was immunoprecipitated with anti--β-catenin antibodies and then probed with anti-ubiquitin monoclonal antibodies. The whole-cell lysates were probed with anti--β-catenin antibodies as an internal control. (L) Western blot analysis of nuclear β-catenin levels in control or IκBαM-expressing 3T3-L1 cells. Nuclear proteins were probed with anti-Histone H3 antibodies as an internal control. (M) Western blot analysis of Smurf2 levels in adipose SV cells isolated from WD-fed IKKβ^F/F^LDLR^−/−^ (F/F) and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ (KO) mice. (N) Adipose SV cells were treated with vehicle control or 100 nM PS-341, as indicated, for 4 h. β-catenin was immunoprecipitated with anti--β-catenin antibodies and then probed with anti-ubiquitin monoclonal antibodies. The whole cell lysates were probed with anti-β-catenin antibodies as an internal control. (O) Western blot analysis of nuclear β-catenin levels in SV cells. Nuclear proteins were probed with anti-Histone H3 antibodies as internal control. Similar results were obtained from at least three independent experiments. All data are means ± SD. \*\*, P \< 0.01; \*\*\*, P \< 0.001. Bar: (C, bottom) 100 µm; (I, bottom) 100 µm.](JEM_20131281_Fig7){#fig7}

To understand the molecular mechanism by which IKKβ--NF-κB regulates adipocyte differentiation, we tested several key signaling pathways associated with adipocyte differentiation. Interestingly, we found that shRNA-mediated IKKβ knockdown increased nuclear β-catenin protein levels in 3T3-L1 cells ([Fig. 7 D](#fig7){ref-type="fig"}). Wnt--β-catenin signaling has been well defined to inhibit adipogenesis in vitro and in vivo ([@bib52]; [@bib66]; [@bib15]). Consistent with decreased adipogenesis, several key adipogenic genes were repressed in shIKKβ 3T3-L1 cells ([Fig. 7 E](#fig7){ref-type="fig"}). Because β-catenin degradation is regulated by ubiquitin-proteasome pathway, we then used a well-characterized proteasome inhibitor, PS-341 ([@bib26]; [@bib12]), to determine whether IKKβ--NF-κB signaling can modulate β-catenin ubiquitination in 3T3-L1 preadipocytes. Knockdown of IKKβ substantially inhibited β-catenin ubiquitination as detected by antiubiquitin antibodies ([Fig. 7 F](#fig7){ref-type="fig"}). We also found that the mRNA levels of Smad ubiquitination regulatory factor 2 (Smurf 2), a known NF-κB target gene ([@bib12]), were significantly decreased in IKKβ-knockdown 3T3-L1 cells ([Fig. 7 G](#fig7){ref-type="fig"}). Western blot analysis further confirmed the decreased protein levels of Smurf2 in shIKKβ 3T3-L1 cells ([Fig. 7 H](#fig7){ref-type="fig"}). Smurf2 is an ubiquitin E3 ligase responsible for proteasome-mediated degradation of several proteins including β-catenin ([@bib24]; [@bib41]; [@bib12]). Therefore, the decreased Smurf2 levels likely leads to inhibited β-catenin ubiquitination and degradation.

To determine whether IKKβ regulates 3T3-L1 cell differentiation through the canonical NF-κB pathway, we overexpressed a nondegradable form of NF-κB inhibitor, IκBαM, which contains serine to alanine mutations in amino acids 32 and 36 ([@bib73]) in 3T3-L1 cells. Expression of IκBαM also inhibited 3T3-L1 cell differentiating into adipocytes ([Fig. 7 I](#fig7){ref-type="fig"}). Consistently, the expression levels of Smurf2 were suppressed in IκBαM-overexpressed 3T3L1 cells ([Fig. 7 J](#fig7){ref-type="fig"}). Overexpression of IκBαM also blocked β-catenin ubiquitination and degradation ([Fig. 7 K](#fig7){ref-type="fig"}), resulting in β-catenin accumulation in nuclei of 3T3-L1 cells ([Fig. 7 L](#fig7){ref-type="fig"}). Next, we tested whether IKKβ regulates β-catenin ubiquitination in primary adipose SV cells. The protein levels of Smurf2 were decreased in SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice ([Fig. 7 M](#fig7){ref-type="fig"}). As expected, deficiency of IKKβ decreased β-catenin ubiquitination ([Fig. 7 N](#fig7){ref-type="fig"}) and increased nuclear β-catenin levels ([Fig. 7 O](#fig7){ref-type="fig"}) in SV cells of SM22Cre^+^IKKβ^F/F^LDLR^−/−^ as compared with that of IKKβ^F/F^LDLR^−/−^ mice. Collectively, these results indicate that deficiency of IKKβ inhibited proteasome-mediated β-catenin ubiquitination and degradation in murine preadipocytes, leading to elevated β-catenin levels and impaired adipocyte differentiation.

Pharmacological inhibition of IKKβ decreases adipogenesis and ameliorates diet-induced obesity in mice
------------------------------------------------------------------------------------------------------

IKKβ inhibitors such as salicylates have long been used to treat inflammatory conditions including diabetes in humans ([@bib64]; [@bib49]; [@bib32]; [@bib68]). We next used a highly selective IKKβ inhibitor, BMS-345541 ([@bib6]; [@bib33]), to determine whether pharmacological inhibition of IKKβ can affect 3T3-L1 cell differentiation. Indeed, BMS-345541 inhibited 3T3-L1 differentiation in a dose-dependent manner ([Fig. 8 A](#fig8){ref-type="fig"}). BMS-345541 did not affect IKKβ expression levels but significantly reduced the expression levels of Smurf2 and several key adipogenic genes ([Fig. 8 B](#fig8){ref-type="fig"}). Further, BMS-345541 also inhibited β-catenin ubiquitination ([Fig. 8 C](#fig8){ref-type="fig"}) and promoted β-catenin accumulation ([Fig. 8 D](#fig8){ref-type="fig"}) in nuclei of 3T3-L1 cells. In addition to BMS-345541, the relatively weak IKKβ inhibitor sodium salicylate also inhibited 3T3-L1 cell differentiation at relatively high doses ([Fig. 8 E](#fig8){ref-type="fig"}), indicating that salicylates may also have beneficial effects on obesity when used at high concentrations.

![**Pharmacological inhibition of IKK**β **inhibits adipocyte differentiation.** (A) Oil red O staining of 3T3-L1 cells induced by differentiation medium or medium containing IKKβ inhibitor BMS-345541 at indicated concentrations. (B) Analysis of IKKβ, Smurf2, and adipogenic genes in 3T3-L1 cells treated with control or 10 µM BMS-345541 for 48 h by QPCR (*n* = 3--5). (C) 3T3-L1 cells were treated with vehicle control or 10 µM BMS-345541 for 48 h before incubating with vehicle control or 100 nM PS-341 for 4 h. β-catenin was immunoprecipitated with anti--β-catenin antibodies, and then probed with antiubiquitin monoclonal antibodies. The whole-cell lysates were probed with anti--β-catenin antibodies as an internal control. (D) Western blot analysis of nuclear β-catenin levels in 3T3-L1 cells treated with vehicle control or 10 µM BMS-345541 for 48 h. Nuclear proteins were probed with anti-Histone H3 antibodies as an internal control. (E) Oil red O staining of 3T3-L1 cells induced by differentiation medium or medium containing IKKβ inhibitor sodium salicylate at indicated concentrations. Similar results were obtained from at least three independent experiments. All data are mean ± SD. \*\*, P \< 0.01; \*\*\*, P \< 0.001. Bars: (A, bottom) 100 µm; (E, bottom) 100 µm.](JEM_20131281_Fig8){#fig8}

We next determined whether chronic inhibition of IKKβ activity can ameliorate diet-induced obesity. Groups of 8-wk-old wild-type male C57BL/6 mice were fed a WD and treated with vehicle control or 10 mg/kg body weight BMS-345541 by daily oral gavage for 8 wk ([Fig. 9 A](#fig9){ref-type="fig"}). Interestingly, BMS-345541 treatment significantly decreased diet-induced body weight gain and adiposity ([Fig. 9, A--C](#fig9){ref-type="fig"}). Whereas the lean mass was not affected, BMS-345541 treatment significantly decreased the fat mass ([Fig. 9 B](#fig9){ref-type="fig"}). Both epididymal and subcutaneous fat pads were markedly smaller in mice treated with BMS-345541 ([Fig. 9 C](#fig9){ref-type="fig"}). Further, the expression levels of NF-κB target genes including Smurf2 were significantly decreased in WAT of BMS-345541-treated mice ([Fig. 9 D](#fig9){ref-type="fig"}). Consistently, BMS-345541 treatment also elevated the nuclear β-catenin levels in WAT ([Fig. 9 E](#fig9){ref-type="fig"}). Next, adipose SV cells were isolated from control or BMS-345541--treated mice for differentiation assays. Consistent with in vitro results ([Fig. 8](#fig8){ref-type="fig"}), the adipogenic potential of SV cells from BMS-345541-treated mice were markedly impaired ([Fig. 9 F](#fig9){ref-type="fig"}). β-Catenin ubiquitination in SV cells of BMS-treated mice was also inhibited as detected by antiubiquitin antibodies ([Fig. 9 G](#fig9){ref-type="fig"}). Collectively, these results indicate that pharmacological inhibition of IKKβ can decrease adipogenesis and ameliorate diet-induced obesity.

![**Chronic treatment of mice with IKKβ inhibitor ameliorates diet-induced obesity.** (A and B) 8-wk-old male C57BL/6 mice were fed a WD and treated with vehicle or 10 mg/kg body weight of BMS-345541 by daily oral gavage for 8 wk. Body weight (A) was measured weekly and fat and lean mass (B) were measured at the end of feeding study (*n* = 11--12 mice). (C) Representative photographs of subcutaneous (Sub) and epididymal (Epi) WAT. (D) Expression of Smurf2 and other NF-κB target genes in WAT were analyzed by QPCR (*n* = 4 mice). (E) Western blot analysis of nuclear β-catenin levels in WAT of control or BMS-345541-treated mice. Nuclear proteins were probed with anti-Histone H3 antibodies an internal control. (F) Oil red O staining of adipose SV cells from control or BMS-345541--treated mice induced by differentiation medium. (G) Adipose SV cells isolated from control or BMS-345541-treated mice were incubated with vehicle or 100 nM PS-341 as indicated for 4 h. β-catenin was immunoprecipitated with anti--β-catenin antibodies and then probed with antiubiquitin monoclonal antibodies. The whole cell lysates were probed with anti--β-catenin antibodies as an internal control. Similar results were obtained from at least three independent experiments. All data are mean ± SD. \*, P \< 0.05; \*\*, P \< 0.01. Bars: (F, bottom) 100 µm.](JEM_20131281R_Fig9){#fig9}

DISCUSSION
==========

The role of IKKβ--NF-κB pathway in the regulation of inflammatory responses has been extensively studied, but the role of this pathway in the development of inflammation-associated metabolic disorders and atherosclerosis remains elusive. Previous studies have mainly focused on the function of IKKβ--NF-κB in inflammatory cells (e.g., monocytes and macrophages) involved in atherogenesis ([@bib30]; [@bib17]; [@bib20]; [@bib47]). In the present study, we found that HF feeding induced a localized and strong inflammatory response in the vasculature. SM22Cre-mediated deletion of IKKβ reduced NF-κB-regulated proinflammatory gene expression in SMCs and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice had attenuated vascular inflammation and decreased atherosclerosis elicited by HF feeding. We also used a low-fat AIN76 diet to determine whether deficiency of SMC IKKβ affected atherosclerosis development without WD-induced obesity and metabolic disorders. As expected, the lesion sizes were smaller in AIN76 diet-fed LDLR^−/−^ mice compared with the WD-fed mice. Nevertheless, deficiency of IKKβ still significantly decreased the atherosclerotic lesions and reduced lesional inflammation in the absence of HF feeding-elicited obesity and severe hyperlipidemia. Therefore, deficiency of SMC IKKβ not only decreased the WD-induced large lesions but also reduced the AIN76 diet-induced moderate lesions. Although the precise role of inflammatory cell IKKβ--NF-κB in atherogenesis still needs further characterization ([@bib30]; [@bib17]; [@bib20]; [@bib47]), inhibition of NF-κB activity in ECs decreased vascular inflammation and atherosclerosis in ApoE^−/−^ mice ([@bib18]). Consistently, our study also suggests that inhibiting NF-κB signaling in the vasculature has antiatherogenic effects and may present a therapeutic strategy to treat atherosclerosis.

Unexpectedly, IKKβ-deficient mice were protected from diet-induced obesity and associated metabolic disorders. Recent studies have indicated that IKKβ--NF-κB signaling is involved in the development of obesity and associated metabolic disorders ([@bib2]; [@bib54]). Diet-induced obesity and insulin resistance have been associated with the activation of IKKβ--NF-κB in multiple tissues including liver, adipose tissue, and brain ([@bib68]; [@bib1]; [@bib7]; [@bib70]; [@bib13]; [@bib29]; [@bib48]). Heterozygous deletion of IKKβ or inhibiting IKKβ activity with salicylates protected mice against insulin resistance triggered by HF feeding or obesity ([@bib32]; [@bib68]). Interestingly, deletion of IKKβ in skeletal muscle fails to prevent obesity-induced insulin resistance ([@bib51]). In the current study, we found that SM22Cre-mediated IKKβ deletion protected mice from HF feeding-induced vascular and systemic inflammation. In addition, IKKβ-deficient mice also had increased energy expenditure which may be partly explained by increased UCP-1 expression in WAT. Obesity is associated with chronic inflammation that plays a crucial role in the pathogenesis of insulin resistance and atherosclerosis ([@bib21]; [@bib9]). While much attention has been focused on the activation of inflammatory cells in obesity, little is known about the contribution of vascular inflammation to the development of obesity and associated metabolic disorders. Our findings suggest that the vasculature may be one of the primary sites at which the inflammatory response occurs in obesity, and HF feeding-elicited vascular inflammation contributes to the development of obesity-associated metabolic disorders and atherosclerosis.

It is intriguing that SM22Cre-mediated IKKβ deletion protects mice from diet-induced adipose tissue growth. Blood vessels are present in virtually all organs and harbor mural cells (SMCs and pericytes), a heterogeneous class of cells that have been viewed as mesenchymal stem cells (MSCs) or multipotent progenitor cells capable to differentiate into adipocytes, chondrocytes, osteoblasts and myoblasts ([@bib69]). Tang et al. ([@bib58]) used genetic marking, lineage tracing, and flow methodologies to identify a subset of mural cells as adipocyte progenitors. Adipocyte progenitors, which reside in a vascular niche, express multiple SMC or pericyte markers including PDGFRβ, αSMA, and NG2 ([@bib58], [@bib59]). An independent study by Friedman et al. ([@bib50]) also isolated adipocyte progenitors with many similar features from adipose SV fraction. More recently, several other studies have confirmed these findings ([@bib8]; [@bib35]; [@bib3]). Our cell lineage analysis demonstrated the expression of SM22 in adipose SV cells, which is consistent with recent studies indicating that SM22Cre is active in perivascular adipocyte precursor cells ([@bib46]; [@bib11]). For instance, [@bib11] reported that SM22Cre-mediated deletion of PPARγ caused an absence of perivascular fat, likely due to the deficiency of PPARγ in adipocyte precursor cells. Interestingly, we found that the adipogenic potential of IKKβ-deficient SV cells was markedly impaired. We also demonstrated that shRNA-mediated knockdown of IKKβ or pharmacological inhibition of IKKβ inhibits 3T3-L1 preadipocyte differentiation. Therefore, our results suggest that IKKβ functions in adipocyte precursor cells to regulate adipose tissue development.

Despite substantial progress in investigating preadipocyte differentiation, little is known about the initial signals that trigger adipocyte precursor cell differentiation in response to consumption of a HF diet. It is noteworthy that IKKβ-deficient mice had normal adipose development when fed a chow diet but were protected from HF feeding-induced obesity. Nutrients are considered naturally inflammatory ([@bib21]), and overnutrition-mediated IKKβ activation may not only lead to the increased inflammatory responses in the vasculature but also initiate adipocyte precursor cell differentiation. In addition to mediating inflammatory responses, IKKβ--NF-κB signaling has been implicated in the regulation of hematopoietic cell development and stem cell differentiation ([@bib53]; [@bib61];[@bib19]; [@bib71]; [@bib12]). IKKβ-mediated NF-κB activation has been shown to be required for initial differentiation of neural stem cells ([@bib71]). Similar to our findings in adipose tissues, inhibition of IKKβ--NF-κB blocks neural stem cell differentiation and causes accumulation of neural stem cells in the brain ([@bib71]). Another study found that IKKβ--NF-κB pathway regulates osteogenic differentiation of MSCs by mediating β-catenin degradation ([@bib12]). It has been observed that Wnt--β-catenin signaling inhibits adipogenesis in vitro and in vivo ([@bib52]; [@bib66]; [@bib15]). In the current study, we found that deficiency of IKKβ or inhibition of IKKβ activity blocked β-catenin ubiquitination and degradation in 3T3-L1 preadipocytes or adipose SV cells, resulting in elevated β-catenin levels and inhibited adipocyte differentiation. Because Wnt--β-catenin signaling positively regulates osteogenesis ([@bib12]), it is plausible that overnutrition-mediated activation of IKKβ promotes adipogenic differentiation but blocks osteogenic differentiation of MSCs, which may contribute to the increased fat accumulation but decreased bone formation in diet-induced obesity. It would be interesting to further investigate how the crosstalk of NF-κB and Wnt signaling mediates adipogenesis and osteogenesis in response to HF feeding in the future.

Although our data suggest that IKKβ regulates adipogenesis through Wnt signaling, it is also possible that multiple mechanisms are involved in IKKβ-mediated adipocyte differentiation. For example, epigenetic mechanisms in particular histone modification also play an important role in regulating adipogenesis ([@bib14]; [@bib40]; [@bib63]). In addition to β-catenin, Smurf2 mediates ubiquitination and degradation of the histone methyltransferase Ezh2 that regulates MSC differentiation ([@bib62]; [@bib67]). Furthermore, NF-κB can directly regulate transcription of several chromatin-modifying enzymes such as the H3K27 demethylase Jmjd3 ([@bib16]). NF-κB signaling has also been shown to epigenetically regulate the expression of transcription factors required for nuclear reprogramming ([@bib34]; [@bib44]). Future studies will be required to determine whether NF-κB signaling can epigenetically regulate adipogenesis.

IKKβ inhibitors such as salicylates have been shown to ameliorate obesity-associated insulin resistance in animals and to exert beneficial effects in diabetic patients ([@bib64]; Reid et al., 1957; [@bib32]; [@bib68]). Interestingly, studies also indicate that long-term antiinflammatory therapy is associated with weight loss in humans ([@bib4]). We found that IKKβ inhibitors including salicylates and BMS-345541 efficiently inhibited 3T3-L1 cell differentiation in vitro and chronic treatment with BMS-345541 prevented diet-induced adiposity in mice. BMS-345541 treatment also decreased Smurf2 expression and stimulated the nuclear β-catenin accumulation in WAT. These in vivo results are consistent with previous studies showing that activation of Wnt signaling inhibits obesity in mice ([@bib66]). Therefore, our studies provide evidence for the use of appropriate IKKβ inhibitors as a potential therapeutic strategy to treat obesity and metabolic disorders.

In summary, we have demonstrated an important role of IKKβ in the pathogenesis of obesity and atherosclerosis. Deficiency of IKKβ in SMCs decreased vascular inflammation and atherosclerosis development. Unexpectedly, IKKβ deficiency also protected mice from diet-induced obesity and associated metabolic disorders. Of particular interest is that ablation of IKKβ blocked adipocyte differentiation and induced accumulation of adipocyte precursor cells in WAT, suggesting that IKKβ functions as a regulator of adipocyte differentiation. Our results also raise the possibility that inhibition of IKKβ in the vasculature may present an innovative therapeutic strategy to treat obesity and atherosclerosis.

MATERIALS AND METHODS
=====================

### Mice.

SMC-specific IKKβ knockout (SM22Cre^+^IKKβ^F/F^) mice were generated by crossing mice carrying loxP-flanked IKKβ alleles (IKKβ^F/F^; [@bib36]) with SM22α-Cre (SM22Cre) transgenic mice ([@bib27]). The mice used in this study were backcrossed at least seven additional generations onto the C57BL/6 background (\>95% C57BL/6) using the marker-assisted Microsatellite Genotyping technique. To increase susceptibility to spontaneous atherosclerotic lesion development, the SM22Cre^+^IKKβ^F/F^ mice were crossed with LDLR^−/−^ mice to generate SM22Cre^+^IKKβ^F/F^LDLR^−/−^ and IKKβ^F/F^LDLR^−/−^ mice. The mice used in this study had IKKβ^F/F^LDLR^−/−^ double mutant background and SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice carried heterozygous knock-in for SM22Cre. For cell lineage analysis, SM22Cre mice were crossed with Rosa26^EGFP^ reporter mice ([@bib38]) to generate SM22Cre^+^Rosa26^EGFP^ mice. For atherosclerosis studies, 4-wk-old male SM22Cre^+^IKKβ^F/F^LDLR^−/−^ and IKKβ^F/F^LDLR^−/−^ littermates were fed a standard chow diet, a HF WD (21.2% fat, 0.2% cholesterol; Harlan Teklad; [@bib47]), or a modified semisynthetic low-fat AIN76 diet (4.3% fat, 0.02% cholesterol; Research Diet; [@bib60]; [@bib74]) for 12 wk until euthanization at 16 wk of age. For IKKβ inhibitor treatment study, 8-wk-old WT male C57BL/6 mice (The Jackson Laboratory) were fed a WD and treated with vehicle (corn oil) or 10 mg/kg body weight BMS-345541 (Sigma-Aldrich) by daily oral gavage for 8 wk. All animals were housed in a specific pathogen--free environment with a light-dark cycle, under a protocol approved by the University of Kentucky Institutional Animal Care and Use Committee.

### Metabolic measurements.

Bodyweight was measured weekly and body composition was measured by NMR spectroscopy (Echo MRI) or dual-energy x-ray absorptiometry (DEXA; GE Healthcare Lunar). Food intake and oxygen consumption (VO~2~) were measured for individually housed mice with a LabMaster system (TSE Systems) for 4--5 consecutively days. VO~2~ data were normalized by lean body mass and average from 4-d measurements. Intraperitoneal glucose tolerance test (GTT) was performed as described previously ([@bib74]).

### Blood analysis.

Plasma total cholesterol and triglyceride concentrations were determined enzymatically by a colorimetric method ([@bib74]). Plasma from multiple mice (*n* = 6) was pooled and plasma lipoprotein cholesterol distributions were determined by fast-performance liquid chromatography (FPLC; [@bib56]; [@bib47]). Plasma insulin was measured using a Rat/Mouse Insulin ELISA kit (Millipore). Plasma cytokine levels were determined by a mouse cytokine multiplex assay kit and a Bio-Plex 200 system (Bio-Rad Laboratories).

### Atherosclerosis quantification.

OCT-embedded hearts or brachiocephalic arteries were sectioned and stained with oil red O, and atherosclerotic lesions were quantified as described previously ([@bib74]; [@bib47]).

### Vascular SMC isolation.

Thoracic aortas were removed and the adventitia was gently removed. After removing ECs, SMCs were obtained by sequential digestion of the aortas with collagenase type II (175 U/ml) followed by collagenase type II (175 U/ml) and elastase (0.5 mg/ml). Cells were cultured in DMEM and SMC lineage was confirmed by immunofluorescence staining for α-SMA (Sigma-Aldrich) in \>99% of the cells.

### Nuclear protein isolation and electrophoretic mobility shift assay (EMSA).

Nuclear protein isolation and EMSA was performed as previously described ([@bib72]; [@bib47]). In brief, SMCs were treated with TNF (20 ng/ml) or vehicle for 30 min. Nuclear proteins were prepared by standard methods and aliquots were stored at −80°C until use ([@bib72]). Oligonucleotides containing consensus NF-κB (Promega) was end-labeled to a specific activity of 10^5^ CPM with γ-\[^32^P\]ATP (GE Healthcare) using T4-polynucleotide kinase (Promega), followed by purification on a Nick column (GE Healthcare). The DNA--protein binding reactions were performed as described previously ([@bib72]; [@bib47]). The binding complexes were subjected to electrophoresis in a 6% nondenaturing polyacrylamide gel containing 0.5 X TBE. The gels were dried and exposed to films.

### SV cell isolation and differentiation.

SV cells and adipocytes were isolated from subcutaneous WAT. The SV cells were used for cell counting, RNA isolation, or culturing in 6-well plates for differentiation. For differentiation assays, SV cells were induced by high-glucose DMEM containing dexamethasone (1 µM), isobutylmethylxanthine (0.5 mM), insulin (10 µg/ml), and 10% FBS. 48 h after induction, the cells were maintained in high-glucose DMEM containing insulin (10 µg/ml) and 10% FBS till they were ready for analysis ([@bib22]). For flow cytometry analysis, SV cells were resuspended in ice-cold HBSS supplemented with 1.0% BSA and labeled with PE-CD31 (BD), PDGFRβ-biotin (eBioscience), or NG2 (Millipore) antibodies for 15 min on ice. Cells were then washed and resuspended in HBSS with 1.0% BSA followed by incubation with Alexa Fluor 647 streptavidin and Alexa Fluor 488 secondary antibodies (Life Technology) for 15 min on ice. Cells were then washed and resuspended in PBS with 1.0% BSA for the analysis. Flow cytometry was performed on a BD FACSCalibur flow cytometer. For data analysis, cells were initially selected by size, on the basis of forward scatter (FSC) and side scatter (SSC). Selected individual cells were further grouped by the presence of CD31, NG2, or PDGFRβ cell surface markers (Fig. S1).

### RNA isolation and QPCR analysis.

Total RNA was isolated from mouse tissues or cells using TRIzol Reagent (Life Technologies), and QPCR was performed using gene-specific primers and the SYBR Green PCR kit (Life Technologies) as previously described ([@bib56]; [@bib74]). The sequences of primer sets used in this study are listed in [Table S1](http://www.jem.org/cgi/content/full/jem.20131281/DC1){#supp2}.

### 3T3-L1 shRNA knockdown and differentiation.

3T3-L1 cells were obtained from ATCC. Short hairpin RNA (shRNA) plasmids targeting the mouse IKKβ gene sequence were provided in the lentivirus plasmid vector pLKO.1-Puro by Sigma-Aldrich. Lentiviral production and transduction of target cells were performed according to the manufacturer-supplied protocol. To express IκBαM in 3T3-L1 cells, IκBαM expression vector, which contains a serine to alanine mutation in amino acid 32 and 36 ([@bib73]), and control vector were transfected into 3T3-L1 cells using Amaxa Cell Line Nucleofector kit V (Lonza). For IKKβ inhibitor treatment, the cells were treated with BMS-345541 or sodium salicylate (Sigma-Aldrich) as indicated in the figure legends. For adipocyte differentiation assays, confluent 3T3-L1 cells were exposed to differentiation media (high-glucose DMEM supplemented with 10% FBS and differentiation cocktail including 1 µg/ml insulin, 1 µM dexamethasone, and 0.5 mM isobutylmethylxanthine). 48 h after induction, the cells were maintained in high-glucose DMEM containing insulin (1 µg/ml) and 10% FBS till they were ready for analysis.

### Western blot analysis.

Western blot analysis was performed as previously described ([@bib47]). Proteins were isolated from cells or mouse tissues by homogenization in RIPA buffer with complete mini protease inhibitor cocktail (Roche). Protein concentrations were determined by the Pierce BCA protein assay kit (Thermo Fisher Scientific). Anti-IKKβ, anti-IKKα, anti-Smurf2, and anti-Histone H3 antibodies were purchased from Cell Signaling Technology; anti--β-catenin, anti--β-actin, and anti-GAPDH antibodies were purchased from Sigma-Aldrich; and antiubiquitin monoclonal antibody was purchased from Santa Cruz Biotechnology. For immunoprecipitation experiments, control or shIKKβ 3T3-L1 cells, or adipose SV cells were incubated with 100 nM of PS-341 for 4 h. The whole-cell lysates were isolated, incubated with anti--β-catenin antibody overnight at 4°C, and then incubated with Protein A Agarose beads (Roche) for another 5 h. The samples were washed and analyzed by Western blot using antiubiquitin monoclonal antibodies.

### Immunostaining.

Immunocytochemistry was performed on cultured vascular SMCs to measure p65 translocation ([@bib47]). In brief, SMCs harvested from SM22Cre^+^IKKβ^F/F^LDLR^−/−^ mice and the control littermates were cultured in 8-chamber slides and treated with 20 ng/ml of TNF or vehicle for 30 min. Cells were then fixed with 100% acetone. Followed by washing with PBS, the cells were blocked with 10% normal rabbit sera, probed with rabbit anti--mouse p65 antibody (Abcam), and then detected with fluorescein-labeled secondary antibody. Immunohistochemical staining of atherosclerotic lesions and WAT were performed on 12-µm sections of heart roots or 10-µm sections of subcutaneous WAT freshly embedded in OCT ([@bib74]; [@bib47]). Sections were first fixed in 100% ice-cold acetone for 15 min and then washed with PBS for 20 min. Sections were permeabilized with PBS + 0.1% Triton X-100 (PBST) for 10 min. Nonspecific binding was reduced by incubating slides in 10% rabbit sera diluted in PBST for 20 min at room temperature. Sections were then incubated with antibodies against mouse MCP-1(Abcam), TNF (Abcam), IL-1β (Abcam), PDGFRβ (eBioscience), or Pref-1 (Abcam) at 4°C for 12--15 h. Sections were rinsed with PBS and incubated with fluorescein-labeled secondary antibodies (Life Technologies). The nuclei were stained by mounting the slides with DAPI medium (Vector Laboratories). Images were acquired with a Nikon fluorescence microscopy (Nikon). For immunohistochemical staining of adipose tissue macrophages, rehydrated antigen-retrieved sections were incubated with F4/80 (ABD Serotec) antiserum and visualized by the avidin--biotin complex method using the chromogen diaminobenzidine (Vector Laboratories).

### Statistical analysis.

All data are presented as the mean ± SD. Individual pairwise comparisons were analyzed by two-sample, two-tailed Student's *t* test for data normally distributed and by Mann-Whitney test for data not normally distributed, in which P \< 0.05 was regarded as significant. *n* numbers are listed in figure legends or shown by scatter points.

### Online supplemental material.

Table S1 shows the sequences of primer sets used in this study. Fig. S1 shows flow cytometry gating strategies used for analyzing adipose SV cells. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20131281/DC1>.
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